We study experimentally the Č erenkov second-harmonic generation in an optical superlattice formed in periodically poled lithium niobate crystal. We demonstrate strong sensitivity of the Č erenkov signal to the wavelength, diameter, and position of the incident fundamental beam. We model the observed behavior by using simple approach based on multiple interference of second harmonic signals emitted from the vicinity of the domain walls. Č erenkov second harmonic generation (SHG) represents the interesting type of nonlinear interaction where the second harmonic (SH) is emitted at the so-called Č erenkov angle with respect to the propagation direction of the fundamental wave. 1 Different from the classical phase matched SHG (Refs. 2 and 3), the Č erenkov SHG requires only the longitudinal components of the momenta of the fundamental and SH waves to match, i.e., k 2 cos h ¼ 2k 1 , with k 1 and k 2 denoting the wave vectors of the fundamental and SH waves and h being the Č erenkov angle (Fig. 1) .
Originally the Č erenkov SHG was intensively studied in waveguide geometries utilizing the automatically fulfilled Č erenkov condition with the fundamental beam propagating as a guided mode and the SH as the substrate radiation modes, respectively. 4, 5 Recently, this type of SHG has been demonstrated in bulk materials with spatial modulation of second-order nonlinearity, including one-dimensional optical superlattice [6] [7] [8] and two-dimensional nonlinear photonic crystals. 9 It was observed that the emission pattern of the Č erenkov SHG in bulk materials depends on polarization state 10, 11 as well as the propagation direction 12 of the fundamental waves. It is also established that the presence of spatial v (2) modulation can greatly enhance the intensity of the Č erenkov SHG, 13 owing possibly either to the reciprocal lattice vectors (RLV) of nonlinear structure or the enhanced quadratic nonlinearity on the vicinity of domain walls. 6, 8 While the Č erenkov SHG has been studied in bulk materials for some time, its tuning response to a range of parameters, e.g., wavelength and position of the incident beam, has not been investigated so far. In this letter, we study experimentally the Č erenkov SH emission in periodically poled lithium niobate (PPLN) crystal. We reveal that, in contrast to the classic SHG whose tuning response is determined by the superlattice itself (i.e., its periodicity), the sensitivity of the Č erenkov harmonic emission to the wavelength/position tuning depends strongly on the width of the fundamental beam. We explain this phenomenon by employing a simplified theoretical model that takes into account the interference among the constituent Č erenkov SH signals generated on domain walls.
In our experiments ( Fig. 1) , we use z-cut PPLN crystal (nominal period K ¼ 14.6 lm, duty cycle D % 50%, thickness L % 500 lm). The fundamental wave is generated by a femtosecond MIRA (Coherent) oscillator which is tuned from 805 to 840 nm, with the pulse duration 180 fs and repetition rate 76 MHz and average power 200 mW. The laser beam propagates along the z-axis of the sample and is focused subsequently by microscope objectives (100Â and 10Â) and optical lens (40 mm and 200 mm focal-lengths). The estimated resulting diameters of the focal spots at the surface of the sample (in the air) are 2 lm, 5 lm, 15 lm, and 77 lm, respectively. In order to change relative position of the beam center with respect to domain walls, the sample is mounted on a translational stage which can be positioned in x-direction with 100 nm step.
We observe two pairs of Č erenkov SH spots with orthogonal polarization directions ( Fig. 1 ) emitted noncollinearly and symmetrically with respect to the direction of the fundamental beam in the plane perpendicular to the domain wall (see also Fig. 2 14 The measured maximum conversion efficiency for the o 1 þ o 1 ! e 2 interaction is 1.1 Â 10, À7 and for the o 1 þ o 1 ! o 2 interaction is from 2 to 4 times lower (depending on the wavelength). In Fig. 2 , we depict normalized intensity of the total Č erenkov signal vs. wavelength of the fundamental beam and its lateral position for different values of the beam diameter. In all measurements, the average power of the fundamental wave was kept constant ($200 mW). It is clearly seen that the Č erenkov SH signal strongly depends on the beam width of the fundamental wave. When the beam is tightly focused [ Fig.  2(a) ], the Č erenkov SHG only weakly depends on the wavelength but changes drastically with the incident position of the fundamental beam. In fact, the Č erenkov emission takes place only when the tightly focussed fundamental wave is incident at the domain wall separating regions of positive and negative v (2) . This unique property of Č erenkov emission forms a basis of a nonlinear microscopy for visualizing ferroelectric domain structures. 7, 13 Now, the graph [ Fig.  2(a) ] confirms that such type microscopy can operate at any wavelength as long as the beam width is small enough to cover a single domain wall only. When the incident fundamental beam is broader [Figs. 2(b) and 2(c)], the Č erenkov SHG becomes sensitive to both position and the wavelength. One can clearly observe now smoothing out of previously sharp position-dependent features and, at the same time, strong dependence on the input wavelength. For very broad input beam, the emitted SH shows basically only the wavelength dependence [ Fig. 2(d)] .
In order to explain these observations note that the efficient Č erenkov SHG takes place only in the vicinity of the domain walls [see Fig. 2(a) ]. We believe that the actual physical reason of this effect is the abrupt change of the sign of nonlinearity which serves as a source of reciprocal vectors enabling efficient phase matching of the SHG. 3 For a tightly focused fundamental beam [see Fig. 3(a) ], the only source of the Č erenkov signal is the domain wall that is covered by the beam (position A). Therefore, if we shift such narrow beam away from the wall towards a homogenous domain (i.e., position B), we will observe strong variation of the SH signal (from maximum to almost null). Situation is entirely different when the fundamental beam is broad such that it illuminates few domain walls [see Fig. 3(b) ]. Since the beam width is large compared to periodicity of the nonlinear superlattice, shifting its position does not change substantially the number of domain walls involved in the SH generation [ Fig. 3(b) ]. As a result, the strength of the Č herenkov SHG changes little with the beam position.
Totally different is the wavelength sensitivity of the Č erenkov signal originating from narrow and wide beams. As the SH emission is only determined by the effective nonlinearity which is almost constant in a broad range of wavelengths for a very narrow beam that can cover a single domain wall, the Č erenkov signal emitted by this beam does not depend on the wavelength. On the other hand, for wide fundamental beam, the Č erenkov signal arises as a superposition of the partial signals generated on all domain walls covered by the beam. Because of oblique emission, the constituent signals differ in phase which depends on the wavelength of the fundamental beam and so the total Č erenkov signal becomes wavelength-dependent as well. One can also look at this effect by considering the role of RLV in Fourier space. It is known that the Č erenkov SHG is longitudinally phase-matched and there is a phase mismatch q in transverse x direction. For a wide fundamental beam, the modulation of the nonlinearity is spatially periodic providing RLV G m ¼ 2mp/K (m ¼ 1, 2,…) to the Č erenkov interaction. The emission is expected to be the strongest at the wavelengths where the phase mismatch is completely compensated by the RLV, i.e., q(k) ¼ k 2 sin h ¼ G m . However, the considerations above do not apply to the Č erenkov SHG for a very narrow beam, as such beam cannot feel the periodic modulation of nonlinearity at all [ Fig. 3(a) ]. In this case, the RLV is either presented by a single domain wall when the beam is exactly located on the wall (Position A in Fig. 3(a) ), or there are no RLV at all when the beam is tuned away from the wall (position B). These two situations change little with the wavelength, so does the Č erenkov SHG. It is worth noting that slight wavelength dependence of the Č erenkov signal is still observed in experiment for a very narrow beam [ Fig. 2(a) ], which can be attributed to strong diffraction suffered by the fundamental beam. For example, a spot of 2 lm diameter may grow as large as $300 lm at the end of the crystal (where the Rayleigh range is 32 lm) and hence cover many domains. However, we believe the nonlinear contribution is still mainly from the first part in which the beam is smaller than a domain, as after that the pump intensity drops significantly. To model the observed phenomenon, we use very simple model which treats the Č erenkov emission as a result of coherent superposition of the constituent signals generated on the successive domain walls. 15 Then the intensity of the Č erenkov signal I 2 can be represented as
where x n is the coordinate of the nth domain wall, N is the number of domain walls, and E 1 (x n ) is the electric field of the fundamental wave at nth domain wall and for Gaussian beam it reads E 2 1 ðx n Þ ¼ e À4 ln 2ðx n Àx B Þ2=w
2 . The p shift between neighboring components in the Eq. (1) reflects the change of the sign of nonlinearity across the domain wall. Fig. 4 depicts the calculated normalized Č erenkov intensity for different beam width and wavelength using Eq. (1). Graphs in the left column depict emission from the perfectly periodic structure (K ¼ 14.6 lm). It is seen that the simulation correctly replicates the behavior of Č erenkov emission in the sense that for tightly focused beam [ Fig. 4(a) ] the emission exhibits strong position sensitivity while being completely independent on the wavelength and opposite in case of large beam size [ Fig. 4(c) ]: the emission exhibits strong wavelength sensitivity while being completely independent of the beam position. The visible discrepancy between experiment and theory is caused by the assumption of an ideal periodic superlattice in the latter. As can be seen on the graph in Fig.  2(a) , our fabricated structure is in fact not exactly periodic.
Moreover, it appears that the duty cycle randomly varies inside the sample. These factors can easily deviate Č erenkov SH emission pattern from expected one. Graphs in the middle and right columns in Fig. 4 illustrates calculated Č erenkov signal assuming randomized spatial domain distribution with an average domain size of K/2 ¼ 7.3 lm and different dispersions of r ¼ 0.1 lm (middle column) and r ¼ 5 lm (right column). The deterioration of the emission spectra is evident.
In conclusion, we have studied the Č erenkov SHG in a periodically poled LiNbO 3 crystal. We found that the tuning response of the Č erenkov emission to the wavelength and the position of the fundamental beam depend strongly on the beam width. Our study contributes to a deeper understanding of the nonlinear Č erenkov emission. It is also important for utilizing the Č erenkov interaction in applications for high resolution nonlinear microscopy and light sources including terahertz radiations.
